We have shown previously that immunization with herpes simplex virus type 1 (HSV-1) glycoprotein K (gK) exacerbated corneal scarring (CS) in ocularly infected mice. In this study, we investigated whether higher levels of CS were correlated with higher levels of latency and T cell exhaustion in gK-immunized mice. BALB/c mice were vaccinated with baculovirus-expressed gK or gD or mock immunized. Twenty-one days after the third immunization, mice were ocularly infected with 2 ؋ 10 4 PFU/eye of virulent HSV-1 strain McKrae. On day 5 postinfection, virus replication in the eye was measured, and on day 30 postinfection, infiltration of the trigeminal ganglia (TG) by CD4, CD8, programmed death 1 (PD-1), and T cell immunoglobulin and mucin domain-containing protein 3 (Tim-3) was monitored by immunohistochemistry and quantitative real-time PCR (qRT-PCR). This study demonstrated that higher levels of CS were correlated with higher levels of latency, and this was associated with the presence of significantly higher numbers of CD4 ؉ PD-1 ؉ and CD8 ؉ PD-1 ؉ cells in the TG of the gK-immunized group than in both the gD-and mock-immunized groups. Levels of exhaustion associated with Tim-3 were the same among gK-and mock-vaccinated groups but higher than levels in the gD-vaccinated group. In this study, we have shown for the first time that both PD-1 and Tim-3 contribute to T cell exhaustion and an increase of latency in the TG of latently infected mice.
We have previously demonstrated that immunization of mice with glycoprotein K (gK), but not with any other known herpes simplex virus type 1 (HSV-1) glycoprotein, significantly exacerbates corneal scarring (CS) and facial dermatitis following ocular HSV-1 infection in different strains of mice (17) (18) (19) (20) . The exacerbated CS is independent of mouse or virus strains (18) . gK is an essential HSV-1 gene product (20, 25, 35) and is thought to be an important determinant of virus-induced cell fusion since single amino acid changes within gK caused extensive virus-induced cell fusion (4, 9, 32, 47) . Thus, because of the essential nature of gK in HSV-1 infectivity, we have used recombinant viruses (rather than deleting the gK gene) having two extra copies of gK and have shown that, similarly to gK immunization, mice infected with this recombinant virus had elevated levels of CS (41) . This exacerbation of disease is of particular interest, as it appears to mimic the clinical disease process as we have shown for the role of anti-gK antibody in individuals with a history of HSV-1 recurrences (41) . Similarly to our studies where elevation of anti-gK antibody in individuals with herpes stromal keratitis (HSK) was correlated with severity of eye disease, we also have shown that transfer of whole serum or purified IgG from gK-immunized mice to naive mice resulted in the same severe exacerbation of CS following ocular HSV-1 infection as that seen in gK-immunized mice (18) .
Our T cell depletion studies have shown that this CS enhancement was mediated by a CD8 ϩ CD25 ϩ T cell response (2, 39) . In addition, we have identified a highly conserved CD8 ϩ T cell epitope (ITAYGLVL) within the signal sequence of gK (39) . This peptide increased levels of viral neurovirulence and virus-induced CS in ocularly infected mice. Moreover, in HSVinfected "humanized" HLA-A*0201 transgenic mice, the gK peptide induced strong cytotoxic responses (38) . Recently, we have shown that the level of HSV-1 latency correlates with severity of CS and exhaustion of CD8 ϩ T cells in the trigeminal ganglia (TG) of latently infected mice (38) . As described above, gK immunization (2, (17) (18) (19) (20) , gK recombinant viruses expressing two extra copies of gK (41) , or a gK peptide (39) exacerbates eye disease in different strains of mice. However, very little is known regarding what role, if any, gK-induced exacerbation of CS may play in the levels of latency and T cell exhaustion. In this study, we sought to determine if the severity of CS in gK-immunized mice ocularly infected with HSV-1 is associated with (i) increased virus replication in the eye during primary infection, (ii) the load of latent virus, as determined by the amount of latency-associated transcript (LAT) and viral glycoprotein B (gB) DNA, and (iii) increased levels of various immune infiltrates in TG (as determined by TaqMan real-time PCR [RT-PCR] and immunostaining). To address these questions, in this study, mice were vaccinated using the following 3 different vaccine regimens: (i) gK vaccination, which causes severe eye disease, (ii) mock vaccination, which causes moderate eye disease, and (iii) gD immunization, which protects from eye disease. Our results suggested a strong correlation among the severity of eye disease, the load of latent virus in the TG, the number of T cells in the TG, and the levels of programmed death 1 (PD-1) and T cell immunoglobulin and mucin domain-containing protein 3 (Tim-3) in the TG. Both Tim-3 and PD-1 are associated with exhaustion (dysfunction and deletion) of T cells, suggesting the possibility that increased PD-1 and Tim-3 levels might result in a decreased number of functional CD4 ϩ and CD8 ϩ T cells at the site of latency, thus resulting in more latent virus and consequently higher levels of CS.
MATERIALS AND METHODS
Virus and cells. Plaque-purified McKrae, a neurovirulent HSV-1 strain, was grown in rabbit skin (RS) cell monolayers in minimal essential medium (MEM) containing 5% fetal calf serum as described previously (20) .
Mice. BALB/cJ mice (female, 6 weeks old) were obtained from Jackson Laboratory (Bar Harbor, ME). Animals were handled in accordance with the Association for Research in Vision and Ophthalmology (ARVO) statement for the Use of Animals in Ophthalmic and Vision Research under an approved IACUC protocol.
Immunization. Mice were immunized three times at 3-week intervals subcutaneously (s.c.) with baculovirus-expressed recombinant gK as described previously (20) . As a positive control, additional BALB/c mice were immunized similarly with recombinant baculovirus expressing gD (21) . Subcutaneous injections were done using complete Freund's adjuvant (CFA) on day 0 and incomplete Freund's adjuvant (IFA) on days 21 and 42. For s.c. injections, gK-or gD-expressed glycoproteins were emulsified 1:1 in CFA or IFA. Each vaccination consisted of extracts from 1 ϫ 10 6 cells, which contained approximately 5 g of gK or gD, based on the intensity of each expressed glycoprotein band on Coomassie brilliant blue-stained gels. Mock-immunized mice were similarly inoculated three times with wild-type baculovirus-infected Sf9 cells. Mock vaccine consisted of extract from the same number of cells infected with wild-type baculovirus.
Ocular infection. To reduce the incidence of death in the gK-and mockimmunized groups, we ocularly infected mice with 2 ϫ 10 4 PFU rather than 2 ϫ 10 5 PFU of HSV-1 strain McKrae. Infection was done 3 weeks after the third immunization by using a 2-l drop into an eye that had no prior corneal scarification.
Evaluation of corneal scarring. Clinical eye disease patterns were determined by examining the eyes of the mice on day 30 postinfection (p.i.). HSV-induced corneal scarring (epithelial keratitis) was evaluated by slit lamp biomicroscopy by using 1% fluorescein stain. The magnitude of stromal disease was scored as 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, 3.5, or 4, with 0, 1, 2, 3, and 4 representing no disease and disease involving 25, 50, 75, and 100% of the corneal surface, respectively.
Analysis of replication and clearance of HSV-1 from the eye. Eyes were swabbed with a Dacron swab (spectrum type 1) once daily on days 1, 3, and 5 after ocular infection. The swab was transferred to a 12-by 75-mm culture tube containing 1 ml of medium and then frozen and thawed; virus titers were determined using standard plaque assays on RS cells.
Immunostaining of TG. . TG from individual mice that survived ocular infection were collected on day 30 postinfection. The TG were embedded in optimal cutting temperature compound (OCT; Tissue-Tek, Sakura) for cryosectioning and stored at Ϫ80°C. Cryostat sections, 8 to 10 m thick, were cut and air dried overnight and then fixed in 4% paraformaldehyde overnight at 4°C. Single, double, and triple immunostaining was performed using monoclonal antibodies against CD4 (clone GK1.5), CD8 (clone 53-6.7), PD-1 (clone RMP1-30) (eBioscience), and Tim-3 (GenBank accession number AAL65156) (R&D Systems) according to manufacturer protocol at 4°C overnight. Secondary antibodies were labeled with Alexa-488, -594 or -647 (Invitrogen) and incubated on tissue for 1 h at room temperature. Washed sections were dried and mounted with DAPI (4Ј,6-diamidino-2-phenylindole) ProLong gold (Invitrogen). Counts were made for at least 10 sections per group in a double-blind fashion.
DNA extraction and PCR analysis for HSV-1 genomic DNA. DNA was isolated from homogenized individual TG by using a commercially available DNeasy blood and tissue kit (Qiagen, Stanford, CA; catalog no. 69506) according to the manufacturer's instructions. PCR analyses were done using gB-specific primers (forward, 5Ј-AACGCGACGCACATCAAG-3Ј; reverse, 5Ј-CTGGTACGCGAT CAGAAAGC-3Ј; and probe, 5Ј-FAM-CAGCCGCAGTACTACC-3Ј). The amplicon length for this primer set is 72 bp. The relative copy numbers for gB DNA were calculated using standard curves generated from the plasmid pAc-gB1. In all experiments, GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used for the normalization of transcripts.
RNA extraction, cDNA synthesis, and TaqMan quantitative RT-PCR (qRT-PCR).
Individual TG from mice that survived ocular infection were collected 30 days postinfection and immersed in RNAlater RNA stabilization reagent and stored at Ϫ80°C until processing. Tissue processing, total RNA extraction, and RNA yield were carried out as we have described previously (40, 41) . Following RNA extraction, 1,000 ng of total RNA was reverse transcribed using random hexamer primers and murine leukemia virus (MuLV) reverse transcriptase from a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) in accordance with the manufacturer's recommendations. The levels of various RNAs were evaluated using commercially available TaqMan gene expression assays (Applied Biosystems, Foster City, CA) with optimized primer and probe concentrations. Primer-probe sets consisted of two unlabeled PCR primers and a 6-carboxyfluorescein (FAM) dye-labeled TaqMan MGB probe formulated into a single mixture. Additionally, all cellular amplicons included an intron-exon junction to eliminate signal from genomic DNA contamination. The assays used in this study were as follows: (i) CD4 (ABI assay identifier Mm00442754_m1; amplicon length, 72 bp), (ii) CD8 (␣ chain; ABI assay identifier Mn01182108_m1; amplicon length, 67 bp), (iii) PD-1 (programmed death 1 [also known as CD279]; ABI assay identifier Mm00435532_m1; amplicon length, 65 bp), (iv) Tim-3 (ABI assay identifier Mm00454540_m1; amplicon length, 98 bp), and (v) GAPDH (ABI assay identifier Mm999999.15_G1; amplicon length, 107 bp). The custom-made primers and probe set for LAT were as follows: forward primer, 5Ј-GGGTGGGCTCGTGTTACAG-3Ј; reverse primer, 5Ј-GGACGGGTAAGTAACAGAGTCTCTA-3Ј; and probe, 5Ј-FAM-ACACC AGCCCGTTCTTT-3Ј (amplicon length, 81 bp; corresponding to LAT nucleotides 119553 to 119634). Relative copy numbers for LAT were calculated using standard curves generated from the plasmid pLAT5301.
Quantitative real-time PCR was performed using an ABI Prism 7900HT sequence detection system (Applied Biosystems, Foster City, CA) in 384-well plates as we described previously (40, 41) . Real-time PCR was performed in triplicate for each tissue sample. The threshold cycle (C T ) values, which represents the PCR cycle at which there is a noticeable increase in the reporter fluorescence above baseline, were determined using SDS 2.2 software. GAPDH RNA was used for the normalization of transcripts.
Statistical analysis. Student's t test and analysis of variance (ANOVA) were performed using the computer program InStat (GraphPad, San Diego, CA) to analyze protective parameters. Results were considered statistically significant when P values were Ͻ0.05.
RESULTS
gK immunization increases the level of latency in the TG of latently infected mice. We have previously shown that immunization with gK caused exacerbation of CS and facial dermatitis following HSV-1 infection in mice (17) (18) (19) (20) . To determine if this higher level of CS is correlated with higher levels of latency, groups of 35 to 50 BALB/c mice from two separate experiments were immunized three times with gK or gD or mock immunized as described in Materials and Methods. Three weeks after the final vaccination, mice were infected ocularly with 2 ϫ 10 4 PFU/eye of HSV-1 strain McKrae. On day 30 p.i., 28 of 50 (56%), 38 of 50 (76%), and 35 of 35 (100%) gK-, mock-, and gD-infected mice had survived ocular infection, respectively. After euthanization on day 30, the TG from the surviving mice were harvested, and the levels of LAT RNA and gB DNA were determined as described in Materials and Methods. The amount of LAT RNA detected was significantly higher in the TG of gK-and mock-immunized mice than in the TG of gD-immunized mice (Fig. 1A , P Ͻ 0.0001 for mock and P ϭ 0.02 for gK [Student's t test]). Similar results were obtained when we looked at the copy number of gB DNA per TG (Fig. 1B , P ϭ 0.02 for mock and P Ͻ 0.0001 for gK [Student's t test]). In addition, there was more LAT RNA (1.5-fold) and gB DNA (1.5-fold) in the TG of gK-immunized mice than in the TG of mock-immunized mice (Fig. 1) . Taken together, the results suggest a trend where gK-immunized mice had a higher level of latency than the mock-immunized group, while both mock and gK groups had a higher latent viral load in the TG than the gD-immunized group.
Lack of correlation of virus replication in mouse tears with the level of latency. The virus titers in the tear films that had been collected on days 1, 3, and 5 p.i. from the mice as described above were determined using plaque assays on RS cells. On days 1 and 3 p.i., there was no significant difference in virus replication among the gK, gD, and mock groups (Fig. 2) . However, by day 5 p.i., as expected, both mock-and gK-immunized mice had significantly higher levels of virus titers than the gD group (Fig. 2) . Thus, it appears that there was no direct correlation between gK immunization and the increase of virus replication in the eyes of infected mice.
Upregulation of immune infiltrates and exhaustion markers in the TG of gK-immunized mice. Recent studies have shown that T cell exhaustion occurred as a result of chronic infection with several different viruses (3, 8, 30) and that the presence of low-level viral antigen during chronic/latent infection leads to T cell exhaustion (42) . HSV-1 latency was originally thought to be a completely dormant situation with no viral gene expression, but recent studies have shown that this is not the case (11, 31, 34) . Thus, to investigate potential differences in the TG from gK-, gD-, and mock-immunized mice, we performed qRT-PCR analysis on the same TG used above to determine the expression levels of mRNAs characteristic of T cells (CD4, CD8) and exhaustion markers (PD-1, Tim-3).
We observed a significant increase in CD4 (Fig. 3A , P ϭ 0.03) and CD8 ( Fig. 3B , P ϭ 0.008) expression in the gKimmunized group compared with that in the gD-immunized group. We also observed a significant increase in the expression of the exhaustion marker Tim-3 in both mock-and gK-immunized groups compared to that in the gD group (Fig. 3C , P ϭ 0.0002 for mock and P Ͻ 0.0001 for gK). In 4 PFU of strain McKrae 3 weeks after final immunization. Thirty days p.i., mice were sacrificed, TG were removed, and total RNA and DNA were harvested. Quantitative RT-PCR and PCR were performed for the presence of LAT RNA and gB DNA, respectively. In each experiment, an estimated relative copy number of LAT and gB was calculated using standard curves generated from pGem-5317 and pAC-gB, respectively. Briefly, the DNA template was serially diluted 10-fold such that 5 l contained 10 3 to 10 11 copies of LAT or gB and then subjected to TaqMan PCR with the same set of primers. By comparing the normalized threshold cycle of each sample to the threshold cycle of the standard, the copy number for each reaction was determined. GAPDH expression was used to normalize the relative expression of LAT and gB in the TG. 
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on October 24, 2017 by guest http://jvi.asm.org/ addition, we detected a significant increase in the expression of exhaustion marker PD-1 in mock-and gK-immunized groups compared to that in the gD group ( Fig. 3D , P ϭ 0.03 for mock and P ϭ 0.02 for gK). However, there was no significant difference between gK-and mock-immunized groups for either PD-1 or Tim-3 expression (Fig. 3C and D) . Thus, our results suggest that immunization using different antigens can alter the patterns of immune infiltrates and exhaustion markers in the TG of latently infected mice. Exhaustion markers are increased in T cells from the TG of gK-immunized mice. Our qRT-PCR results described for Fig.  3 above suggest that the levels of PD-1 and Tim-3 were increased in the gK-immunized group compared to those in the gD-immunized group. To demonstrate that the increase in FIG. 3 . Effect of the higher levels of latency and CS on T cells and exhaustion markers in gK-immunized mice. BALB/c mice immunized and infected as described in the legend to Fig. 1 were allowed to progress to day 30 p.i. At this time, mice were sacrificed, TG were removed, total RNA was harvested, and gene expression was measured using TaqMan qRT-PCR. Expression is represented as a fold increase or decrease normalized to naive BALB/c expression. GAPDH expression was used to normalize the relative expression of each transcript. Bars, means Ϯ SEM from 20 TG. exhaustion markers is from exhausted T cells, as these exhaustion markers can also be expressed on other immune cell types, such as macrophages (13) (Fig. 4A) . Similarly, most of the CD8 ϩ T cells in mock-and gK-immunized TG stained positive for Tim-3 expression (Fig. 4B) . PD-1 expression levels were similar between mock-and gD-immunized TG for both CD4 ϩ T cells (Fig. 4C ) and CD8 ϩ T cells (Fig. 4D) . In contrast, more CD4 ϩ and CD8 ϩ T cells were positive for PD-1 expression in the TG of the gK-immunized group (Fig. 4C and D, respectively) . Finally, we observed CD8 ϩ T cells positive for both Tim-3 and PD-1 expression in both mock-and gK-immunized groups (Fig. 4E) , representing a third category of exhausted T cells which express both PD-1 and Tim-3 markers. In contrast, no CD8 ϩ PD-1 ϩ Tim-3 ϩ T cells were detected in the TG of the gD group (not shown).
We quantified the above-described staining and observed higher numbers of PD-1 ϩ and Tim-3 ϩ T cells (CD4 ϩ and CD8 ϩ ) in the gK-immunized group than in the gD-immunized group (Fig. 5A and B) . We also saw an increase in CD8 ϩ Tim-3 ϩ , CD8
ϩ PD-1 ϩ , CD4 ϩ Tim-3 ϩ , and CD8 ϩ PD-1 ϩ T cells in mock-immunized TG compared to those in the gD group (Fig.  5A and B) . The level of Tim-3 ϩ T cells in the mock-immunized group was not statistically different from that of the gK-immunized group. The increases in the gK-immunized group were an approximate 3-fold increase in the number of CD8 ϩ PD-1 ϩ T cells, a 5-fold increase in the number of CD4 ϩ PD-1 ϩ T cells, and a 2-fold increase in the number of CD4 ϩ Tim-3 ϩ T cells compared to the numbers in both mock-and gD-immunized groups. In addition, there was a 12-fold (gK) and 19-fold (mock) difference in the number of CD8 ϩ Tim-3 ϩ T cells in gK-and mock-immunized tissues compared to the number of cells in the gD group. These results suggested that the level of T cell infiltrates present in the TG correlated with more latent virus and higher levels of PD-1 and Tim-3. Conversely, they also demonstrated that lower levels of latency in gD-immunized mice lead to a reduction in the number of exhausted T cells. Overall, our results demonstrated a significant increase in the number of PD-1 ϩ T cells in the gK group compared to that in both the mock and gD groups. The number of Tim-3 ϩ T cells was decreased in the gD group compared to that in both the mock and gK groups (there was no difference between mock and gK in regard to Tim-3 expression). Finally, we observed the presence of CD8 ϩ PD-1 ϩ Tim-3 ϩ T cells in the TG of both mock and gK groups but not in the TG of the gD group.
DISCUSSION
The main goal of the present study was to examine the expression of specific exhaustion markers in response to different glycoprotein vaccines in HSV-1-infected mice and to correlate these patterns of exhaustion with changes in viral latency in the TG and viral replication in the eye. In a previous study, we correlated higher levels of CS with increased expression of CD8 and PD-1 in the TG of HSV-1-infected mice (38) . We have also previously observed a higher level of virus replication and a reduction in viral clearance in the TG of gKimmunized mice (2, 20) . We sought to further this observation to include the glycoprotein vaccines to determine if the higher levels of CS observed in gK-immunized and infected animals were correlated with higher levels of virus latency and T cell exhaustion. As controls, we used mice vaccinated with HSV-1 gD (protects from CS) or mock vaccinated (moderate CS relative to that with gK). In this report, we found a correlation between gK immunization and the expression level of many of the transcripts we examined in the TG of latently infected mice. These included the amount of LAT RNA and gB DNA (which are indicative of the relative amount of HSV-1 latency) and the mRNA levels of CD4, CD8, PD-1, and Tim-3. However, we did not detect any correlation between the level of latency in the TG of latently infected mice and virus titer in the eyes of infected mice during acute infection. In addition, by immunohistochemistry, we observed increased numbers of CD4 ϩ and CD8 ϩ T cells in the TG in both mock-and gKimmunized groups compared with the number of cells in the TG of the gD group. As a consequence of higher gB and LAT copy numbers, we anticipate that gK-immunized animals would be able to reactivate from latency more efficiently, and this could be a cause of the increase in immune infiltrates in the gK group. The observed increase in T cells combined with the presence of latent virus, higher immunopathology (CS), and expression of T cell exhaustion markers led us to question if these T cells were functional or exhausted.
Previously, we and others have shown that reduced functionality of CD8 ϩ T cells is associated with the expression of the exhaustion marker PD-1 (15, 38) . CD8 ϩ T cell exhaustion has been observed in a multitude of chronic infections, such as cytomegalovirus (CMV), HSV-1, Friend virus, simian immunodeficiency virus (SIV), hepatitis C virus (HCV), hepatitis B virus (HBV), and Mycobacterium tuberculosis (27, 28, 33, 42, 44, 46, 53) . These PD-1-expressing, exhausted T cells display reduced numbers of cytotoxic T lymphocytes (CTL), proliferation, and production of interleukin 2 (IL-2), followed by a loss in tumor necrosis factor alpha (TNF-␣) production and finally impairment in gamma interferon (IFN-␥) production (42, 55) . Furthermore, virus-specific T cells can even be deleted in severe chronic exhaustion (16, 37, 55, 56) . This suggests that in the gK-immunized and mock-immunized groups, the increased latency leads to chronic antigen presentation and exhaustion of T cells, while the gD-immunized group is able to effectively clear the virus, leading to a reduction in latent virus, antigen exposure, and T cell exhaustion.
The discovery of the PD-1 exhaustion marker has led investigators to exploit it in therapeutic strategies to reverse T cell exhaustion. Similarly to this study, in which gD vaccination reduced T cell exhaustion, it was previously shown that CD8
ϩ PD-1 ϩ T cells were present only during SIV chronic infection, and these cells were not observed after vaccination (54) . Blocking the PD-1:PD-L1 produced therapeutic effects in reversing CD8
ϩ T cell exhaustion in chronic lymphocytic choriomeningitis virus (LCMV) infection (24) . Similar results were observed in reversing T cell dysfunction when PD-1 was blocked in conjunction with CTLA-4 (another inhibitory exhaustion marker) for both HCV (44) (14) and HBV (45) infections. Finally, these PD-1-expressing Tregs were also seen in association with remission in lupus patients who had undergone hemopoietic stem cell transplantation (57) , suggesting a potentially positive role in humans. As does the major exhaustion marker PD-1 (3), upregulation of T cell immunoglobulin and mucin domain-containing protein 3 (22, 26) also contributes to T cell exhaustion. In this study, we looked at the possible involvement of Tim-3 in T cell exhaustion and the increase of HSV-1 latency. For both gKand mock-immunized groups, but not the gD-immunized group, we observed an increase in the expression of both PD-1 and Tim-3 on CD8 ϩ T cells in the TG. For the first time in the context of latent HSV-1 infection, we demonstrated significant elevation in the number of CD8 ϩ Tim-3 ϩ T cells in the TG of mock-and gK-immunized groups. While there is little difference at the current dose of HSV-1 between mock-and gKimmunized groups in regard to Tim-3 expression, the increased expression in these groups over that in the gD group is highly significant. Thus, our results suggest that, similarly to our PD-1 findings, upregulation of Tim-3 also is correlated with the increase of HSV-1 latency. Previously, it was shown that Tim-3 is an inhibitory transmembrane receptor expressed on the surface of fully differentiated TH1 T cells (36) which functioned to terminate TH1 immunity (48) . Tim-3 also is important in regulating both peripheral tolerance and the expansion of TH1 populations (49, 50) . Blocking Tim-3 and its interaction with its ligand (Galectin-9pu) has been shown to reverse T cell exhaustion and boost immunity (22, 43) . Thus, the Tim-3 pathway may represent an early mechanistic approach to enhancing HSV-1 vaccines by blocking Tim-3 inhibition and thus boosting immunity against HSV-1 in infected individuals, whereas PD-1 is observed more strongly in the gK-immunized group and thus may represent a more potent blockage to HSK in therapeutic vaccines.
In this study, we also have looked at CD4 ϩ T cell exhaustion in immunized mice by using PD-1 and Tim-3 markers. CD4
ϩ T cell exhaustion, while currently less widely studied, appears to be no less prevalent, as it has already been implicated in chronic Trypanosoma cruzi, CMV, and HIV infections (1, 10, 12) . More recently, CD4 ϩ Tim-3 ϩ T cells were implicated in primary HSV-1 infection, and by altering the interaction of Tim-3 with its ligand, the authors could produce therapeutic effects on ocular lesions (51, 52) .
In summary, our results suggest that the increased severity of CS observed in gK-immunized mice is correlated with higher latency and that, in turn, this chronic exposure to viral antigen leads to a higher level of T cell exhaustion, shown by higher levels of expression of PD-1 and Tim-3 exhaustion markers. Our results also suggest that there are at least three populations of exhausted T cells: one that expresses PD-1, one that expresses Tim-3, and one that expresses both PD-1 and Tim-3. Since T cell exhaustion is a commonality observed across many chronic viral infections and as a function of T cell exhaustion, targeting and reversing T cell exhaustion in combination with current vaccination strategies represent a global yet highly specific approach to create more efficacious vaccines that could positively boost an individual's response to antigen as well as their response to therapeutics aimed at boosting immunity. 
